Purpose To evaluate the effect of orbital reconstruction and factors related to the effect of orbital reconstruction by assessing of orbital volume using orbital computed tomography (CT) in cases of orbital wall fracture. Methods In this retrospective study, 68 patients with isolated blowout fractures were evaluated. The volumes of orbits and herniated orbital tissues were determined by CT scans using a three-dimensional reconstruction technique (the Eclipse Treatment Planning System). Orbital CT was performed preoperatively, immediately after surgery, and at final follow ups (minimum of 6 months). We evaluated the reconstructive effect of surgery making a new formula, 'orbital volume reconstruction rate' from orbital volume differences between fractured and contralateral orbits before surgery, immediately after surgery, and at final follow up. Results Mean volume of fractured orbits before surgery was 23.01 ± 2.60 cm 3 and that of contralateral orbits was 21.31 ± 2.50 cm 3 (P = 0.005). Mean volume of the fractured orbits immediately after surgery was 21.29 ± 2.42 cm 3 , and that of the contralateral orbits was 21.33 ± 2.52 cm 3 (P = 0.921). Mean volume of fractured orbits at final follow up was 21.50 ± 2.44 cm 3 , and that of contralateral orbits was 21.32 ± 2.50 cm 3 (P = 0.668). The mean orbital volume reconstruction rate was 100.47% immediately after surgery and 99.17% at final follow up. No significant difference in orbital volume reconstruction rate was observed with respect to fracture site or orbital implant type. Patients that underwent operation within 14 days of trauma had a better reconstruction rate at final follow up than patients who underwent operation over 14 days after trauma (P = 0.039). Conclusion Computer-based measurements of orbital fracture volume can be used to evaluate the reconstructive effect of orbital implants and provide useful quantitative information. Significant reduction of orbital volume is observed immediately after orbital wall reconstruction surgery and the reconstruction effect is maintained for more than minimum 6 months. Patients that undergo surgery within 14 days of trauma has better reconstruction rates at final follow up, which supports the need for early surgery.
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Abstract
Purpose To evaluate the effect of orbital reconstruction and factors related to the effect of orbital reconstruction by assessing of orbital volume using orbital computed tomography (CT) in cases of orbital wall fracture. Methods In this retrospective study, 68 patients with isolated blowout fractures were evaluated. The volumes of orbits and herniated orbital tissues were determined by CT scans using a three-dimensional reconstruction technique (the Eclipse Treatment Planning System). Orbital CT was performed preoperatively, immediately after surgery, and at final follow ups (minimum of 6 months). We evaluated the reconstructive effect of surgery making a new formula, 'orbital volume reconstruction rate' from orbital volume differences between fractured and contralateral orbits before surgery, immediately after surgery, and at final follow up. Results Mean volume of fractured orbits before surgery was 23.01 ± 2.60 cm 3 and that of contralateral orbits was 21.31 ± 2.50 cm 3 (P = 0.005). Mean volume of the fractured orbits immediately after surgery was 21.29 ± 2.42 cm 3 , and that of the contralateral orbits was 21.33 ± 2.52 cm 3 (P = 0.921). Mean volume of fractured orbits at final follow up was 21.50 ± 2.44 cm 3 , and that of contralateral orbits was 21.32 ± 2.50 cm 3 (P = 0.668). The mean orbital volume reconstruction rate was 100.47% immediately after surgery and 99.17% at final follow up. No significant difference in orbital volume reconstruction rate was observed with respect to fracture site or orbital implant type. Patients that underwent operation within 14 days of trauma had a better reconstruction rate at final follow up than patients who underwent operation over 14 days after trauma (P = 0.039). Conclusion Computer-based measurements of orbital fracture volume can be used to evaluate the reconstructive effect of orbital implants and provide useful quantitative information. Significant reduction of orbital volume is observed immediately after orbital wall reconstruction surgery and the reconstruction effect is maintained for more than minimum 6 months. Patients that undergo surgery within 14 days of trauma has better reconstruction rates at final follow up, which supports the need for early surgery. Eye (2017) 31, 713-719; doi:10.1038/eye.2016.311; published online 13 January 2017
Introduction
The orbital floor and medial wall are susceptible to trauma and are common fracture sites. When an orbital fracture causes complications, such as, enophthalmos, impaired ocular motility or diplopia, orbital wall reconstruction is needed. 1 The effect of orbital wall reconstruction is frequently estimated based on enophthalmos improvement. Various causes of enophthalmos associated with orbital wall fracture have been suggested, such as increased orbital volume due to displacement of bony orbit and orbital tissue, necrosis and fibrosis of orbital soft tissue, and dislocation of an intra-orbital supporting tendon. 2 Among these, increased orbital volume is considered the main cause and thus a number of recent studies have measured orbital volumes and used them to assess the efficacy of orbital wall reconstruction. [2] [3] [4] [5] [6] [7] However, these studies were limited by small subject numbers (under 30 patients) and/or short follow-up periods (under 6 months). Furthermore, various aspects, such as, type of orbital implant, orbital wall fracture location, time elapsed between trauma and surgical intervention, and quantification of the effect of orbital wall reconstruction were not considered. In addition, in the majority of studies orbital volume measurements were performed before and after surgery only, and thus the maintenance effect of orbital wall reconstruction was not estimated with the time course.
To address these limitations, we measured orbital volumes by computed tomography (CT) using a threedimensional imaging software program (The Eclipse Treatment Planning System ver.13.0; Varian Medical Systems, Inc., Palo Alto, CA, USA) at three time points, that is, before surgery, immediately after surgery, and at final follow up (at least 6 months after surgery), using measured fractured and contralateral orbit volumes. In addition, we sought to evaluate the effect of orbital reconstruction quantitatively and to identify factors related to the effect of orbital reconstruction on orbital volume.
Materials and methods
From April 2010 to March 2015, a total of 68 patients with a unilateral orbital blowout fracture treated surgically at Department of Ophthalmology, Gachon University Gil Medical Center and followed for at least 6 months were identified and included in this study. Gachon University IRB committee approved this study. This research adheres to the tenets of the Declaration of Helsinki. The exclusion criteria applied were; bilateral orbital wall fractures, orbital wall fractures combined with another facial bone fracture, thyroid associated ophthalmopathy, and orbital tumor, all of which can cause orbital volume measurement errors. Before surgery, the following tests were performed; visual acuity, a slit lamp examination, pupillary reflex test, fundus examination by indirect ophthalmoscopy, the Goldmann diplopia test by perimetry, extraocular motility test, and Hertel exophthalmometry to measure enophthalmos; and infraorbital nerve hypoesthesia was identified. In addition, the location and extent of orbital wall fractures and entrapment of extraocular muscle or soft tissue were identified by CT.
Surgery was performed by one surgeon under general anesthesia. Fractures were exposed through a transconjunctival incision for inferior orbital wall fractures, and through a transcaruncular incision for medial orbital wall fractures. Herniated orbital contents were repositioned by a periosteal elevator, a suction tip, and a malleable retractor. Orbital wall defects were reconstructed using orbital implants (cut to fit the anatomies of fracture sites and soaked in saline mixed with antibiotics) by insertion under periosteum at fracture sites. After this procedure, a forced duction test was performed to ensure the absence of restriction. During surgery pupil size was checked for optic nerve compression. To reduce orbital tissue swelling, methylprednisolone (250 mg) was administered intravenously during surgery, after surgery, and the day after surgery, respectively. Thereafter, methylprednisolone was given orally and tapered. During the first month after surgery, patients were observed weekly and then monthly. For all 68 patients, the observation period was more than six months.
Degrees of clinical improvement were assessed by grading clinical signs at 1, 3, and 6 months after surgery, as follows, diplopia within the central 20°visual field as grade III, diplopia between 20°and 40°visual fields as grade II, diplopia only on the periphery beyond the 40°v isual field as grade I, and 'no diplopia' was defined as the absence of diplopia. Extraocular movement limitation was assessed using the position of corneal reflection using pen light illumination of the cornea with the eye looking in the direction of extraocular muscle action. Severe limitation with inability to move the eye was defined as a limitation of − 4; moderate limitation with corneal reflection in contrary pupil margin as a limitation of − 3; moderate limitation with corneal reflection between the contrary pupil margin and limbus as a limitation of − 2; mild limitation with corneal reflection in contrary limbus as a limitation of − 1; and no limitation with a pen light reflection position beyond the limbus as a limitation of 0.
CT examinations were performed on all study subjects before surgery, immediately after surgery, and at final follow up. Locations and ranges of orbital wall fractures and strangulation of orbital soft tissues or extraocular muscles were identified before surgery by CT. Locations of orbital implants and reductions of fractured orbits and herniated orbital tissues were identified immediately after surgery, and orbital wall reconstruction maintenance was assessed at final follow up. A CT scanning system, 'The Eclipse Treatment Planning System' (ver.13.0, Varian Medical System, Inc.) was used to measure volumes of fractured and contralateral orbits before and after surgery. In each case, bony orbital and herniated orbital tissue areas on sections were measured using a drawing cursor freehand. Drawn orbital contours were then reconstructed as three-dimensional images and orbital volumes were calculated automatically. This program is straightforward to use and provides low errors and high intra-and inter-operator reproducibilities. The anterior orbital boundary was defined by a straight line connecting the medial and lateral orbital rims, and the posterior orbital boundary was defined as the orbital apex on axial CT scans. To reduce measurement errors, orbital volumes were measured three times by one investigator and then averaged (Figure 1 ). The effect of orbital wall reconstruction was quantified using orbital volume reconstruction rate (OVR%), which was defined as follows:
A: volume of fractured orbit after surgery. B: volume of contralateral orbit. That is, when fractured orbit volume after surgery equals that of the contralateral orbit, OVR% is 100%, and when fractured orbit volume after surgery is 10% larger than that of the contralateral orbit then OVR% = 90%.
Data were statistically described in terms of range, mean ± SD, and percentages when appropriate.
Comparison of numeric variables between the study groups was done using Student's t-test or ANOVA (Analysis Of Variance) for independent samples, whereas within group comparison of numeric variables was performed using the paired Student's t-test. All P-values o0.05 was considered statistically significant. All statistical calculations were done using SPSS (Statistical Package for the Social Science; SPSS, Inc., Chicago, IL, USA) version 18 for the Microsoft Windows.
Results
The study included 68 patients and mean follow up was 15.2 ± 4.03 months. Forty eight patients were male (70.6%) and 20 were female (29.4%). Ages ranged from 7 to 68 years and mean patient age was 35.4 years. Nine patients (13.2%) were aged under 20 years, 17 patients (25.0%) were between 21 and 30, 19 (27.9%) were between 31 and 40, 15 (22.1%) were between 41 and 50, and 8 (11.8%) patients were over 50 years old. Patients were categorized into 3 groups based on anatomic fracture location as determined by CT, as follows; 30 patients (44.1%) to an inferior wall fracture group, 21 patients (30.9%) to a medial wall fracture group, and 17 (25.0%) to an inferior and medial wall fracture group. Mean time from trauma to surgical repair was 7.03 days (range 1-17 days). Limitation of extraocular muscle movement test result was observed in 13 patients before surgery. These extraocular muscle movement limitations were improved in all cases at final follow up. Fourteen patients appealed diplopia before surgery, five patients for grade I, four patients for grade II, and five patients for grade 3, and this was improved in all at final follow up. Mean enophthalmos for all study subjects was 0.4 ± 1.0 mm before surgery and 0.1 ± 0.3 mm after surgery, and mean enophthalmos for 7 patients with definite (42 mm) enophthalmos or who were expected to have definite enophthalmos in the future time was Figure 1 Example of orbital volume measurement using 'The Eclipse Treatment Planning System (Ver 13.0, Varian)'. Axial plane: the anterior orbital boundary was defined by a straight line connecting the medial and the lateral orbital rims, and the posterior limit was defined as the orbital apex. Coronal plane: the anterior orbital boundary was defined as the CT slice in which 50% of the inferior orbital rim was visible, and the posterior limit was defined as the orbital apex. Sagittal plane: the anterior orbital boundary was defined by the straight line connecting the superior and inferior orbital rims, and the posterior limit was defined as the orbital apex. The areas of these outlines were measured on each scan and summed to obtain orbital volumes. 2.5 ± 0.8 mm before surgery and 0.4 ± 0.2 mm after surgery. These results confirmed enophthalmos improvement. Eight patients described infraorbital hypoesthesia before surgery, and this was improved in all at final follow up. No orbital implant related infection, dislocation or exposure, or visual loss caused by orbital implant related problems was observed during follow up. Mean volume of fractured orbits before surgery was 23.01 ± 2.60 cm 3 and that of contralateral orbits was 21.31 ± 2.50 cm 3 (P = 0.005).
Immediately after surgery, mean volume of fractured orbits was 21.29 ± 2.42 cm 3 and that of contralateral orbits was 21.33 ± 2.52 cm 3 (P = 0.921), and mean volume of fractured orbits at final follow up was 21.50 ± 2.44 cm 3 and that of contralateral orbits was 21.32 ± 2.50 cm 3 (P = 0.668, Table 1 ). Mean volume of fractured orbit was significantly smaller immediately after surgery than that measured before surgery (P = 0.004). There was no significant difference between the mean volumes of fractured orbit immediately after surgery and at final follow up (P = 0.561). OVR% of orbital wall fractures was 100.47% immediately after surgery and 99.17% at final follow up (P = 0.891). No significant intergroup difference of OVR% was observed among groups defined by fractured site or by type of orbital implant immediately after surgery and at last follow up (Tables 2 and 3 ). Patients that underwent surgery at ≤ 14 or 414 days after injury showed no significant OVR% difference immediately after surgery (P = 0.891, Table 4 ), but those that underwent surgery at ≤ 14 days after surgery had a better mean OVR% at final follow up (P = 0.039, Table 4 ).
Discussion
The goal of the surgery for orbital wall fracture is the reduction of herniated orbital tissues and of the fractured bony orbit and to correct diplopia, enophthalmos, and limitations of extraocular muscle movement. 1 Although some controversy exists about the surgical indications of orbital wall fracture, traditional indications are the presence of symptoms and signs, such as, diplopia of duration 42 weeks, limitation of extraocular muscle movement, radiologic evidence of extensive fracture, and enophthalmos produced by an orbital volume change. 8, 9 There is no difficulty determining whether surgery is necessary if surgical indications, such as, severe diplopia or extraocular muscle movement limitation, or prominent enophthalmos are definite in cases of orbital blowout fracture, but when such symptoms and signs are insignificant, it is difficult to determine whether or when surgery is indicated. The surgical timing of orbital fracture remains controversial. Some investigators support early surgery (within 14 days), and claim complications, such as, diplopia, persistent enophthalmos, and infraorbital hypoesthesia tend to be more common after late than early repair. 1, [10] [11] [12] On the other hand, some studies showed successful results for delayed surgery. [13] [14] [15] [16] [17] [18] Simon et al 13 reported similar outcomes for early (within 2 weeks) and delayed surgery. Other studies showed that good results can be achieved up to 29 days or within 1 month after trauma. 14, 15 Belgi et al 16 proposed a delayed management protocol to avoid unnecessary surgery for nontrapdoor fracture. Recent study reported orbital floor fracture repair occurring more than 6 weeks or more from injury can achieve marked improvement in both the functional and cosmetic aspects. 17 However, delayed surgery may still result in unsatisfactory outcomes, such as, fracture malunion, because of adhesion to adjacent tissues and fibrosis of soft tissues, which can make delayed surgery more technically challenging. In the present study, clinical outcomes including diplopia, enophthalmos, and infraorbital hypoesthesia were similar in early (≤14 days) and delayed (414 days) surgery groups, and no significant OVR% difference was observed between the two groups immediately after surgery (P = 0.891, Table 4 ). However, the early surgery group showed better mean OVR% at final follow up (P = 0.039, Table 4 ). During the early posttraumatic period, enophthalmos may not be observed because of orbital soft tissue swelling, but in time it can be observed definitely because of fat necrosis and reduced soft tissue volume. For this reason, during the early posttraumatic period, it is difficult to decide whether surgery is indicated based on the extent of enophthalmos. 17, 18 Of the various causes of enophthalmos after blowout fracture, increased orbital volume due to displacement of bony orbit and orbital tissue is considered the most common. 2 Bony orbit and herniated orbital tissue volume measurements are useful when deciding whether surgery is indicated and for determining successful orbital wall fracture reconstruction. For this reason, orbital volume has been measured in some studies, but numbers of study subjects recruited were o30, follow ups were o6 months, orbital wall fracture reconstruction rates were not calculated and various aspects, such as, type of orbital implant, fracture location, and time elapsed between trauma and surgical intervention were not taken into account. [3] [4] [5] [6] [7] 19 Furthermore, temporal considerations regarding orbital wall fracture reconstruction rates were not investigated because orbital volumes were only measured before and after surgery. Accordingly, in the present study, we decided to measure orbital volumes at three time points (before surgery, immediately after surgery, and at final follow up) using a three-dimensional imaging software program.
The Eclipse Treatment Planning System (ver.13.0, Varian Medical System, Inc.) used in this study was originally used in the radiation and oncology fields to accurately measure organ volumes to determine appropriate dosimetries. When a contour is drawn on orbital CT axial scans, it is drawn on the coronal plane and sagittal plane simultaneously, and when the medium contour differs from that drawn by an observer, the program automatically compensates. This system allows an observer to accurately contour the orbit boundary and minimizes manual errors, and it reconstructs orbital contours as three-dimensional images and calculates orbital volumes automatically. 20 In this study, we introduced a new formula to quantify the effect of orbital wall reconstruction by defining a new variable OVR%. In previous studies, the effect of orbital wall reconstruction was evaluated by simply calculating volume differences or volume ratios between fractured and contralateral orbits before and after surgery. [3] [4] [5] [6] [7] 19 However, with those calculations, larger differences between the volumes of fractured and contralateral orbits before surgery may result in greater overestimations of the effect of orbital wall reconstruction. To address this limitation, we used OVR%, which provides a measure of how close the volume of the fractured orbit is to the volume of contralateral orbit after surgery, and defined OVR% as 1 À AÀB ð Þ B 100 % ð Þ (A = fractured orbit volume after surgery, B = contralateral orbit volume). We measured orbital volumes at three time points (before surgery, immediately after surgery, and at final follow up) and based on these measurements, we were able to calculate OVR% immediately after surgery and at final 3 for men and women. In the present study, we did not evaluate orbital volumes by gender and included young patients, who generally have smaller orbits. Importantly, no significant differences were found between measured volumes of contralateral orbits at the three time points (P = 0.949), which confirmed the reliability of measured differences between fractured and contralateral orbit volumes. We found that before surgery, mean fractured orbit volume was greater than that of contralateral orbits (P = 0.005), and that immediately after surgery, mean fractured orbit volume was significantly smaller than that measured before surgery (P = 0.004).
In previous studies on the effect of orbital wall reconstruction based on orbital volume measurements, Fan et al 3 reported that 0.89 mm of enophthalmos was improved by a 1 cm 3 reduction of fractured orbits in 16 blowout fracture patients using a hydroxyapatite orbital implant. Ploder et al 4 reported that 1.2 mm of enophthalmos was improved by a 1 cm 3 reduction of fractured orbits in 38 inferior wall fracture patients when orbital volume was measured using region-of-interest measurements taken from CT images. Raskin et al 5 reported that 0.47mm of enophthalmos was improved by a 1 cm 3 volume reduction of fractured orbits in 30 blowout fracture patients. Fan et al 3 reported that 0.89 mm of enophthalmos was improved by a 1 cm 3 reduction of fractured orbits in 16 blowout fracture patients using a hydroxyapatite orbital implant. Ye et al 6 reported that 0.66 mm enophthalmos was improved by a 1 cm 3 fractured orbit reduction in 16 blowout fracture patients using a porous polyethylene orbital implant, and Park et al 19 reported that 0.67 mm enophthalmos was improved by a 1 cm 3 fractured orbit reduction in 14 blowout fracture patients using an absorbable copolymer mesh orbital implant when orbital volumes were measured using the Rapidia 2.8 program. However, our study failed to find a significant correlation between increased fractured orbit volume and enophthalmos before surgery (P = 0.321). Mean enophthalmos before surgery was only 0.4 mm, presumably low level of enophthalmos was due to soft tissue swelling during the early posttraumatic period. Furthermore, mean time elapsed between trauma and surgical intervention was only 7.03 days.
In the present study, the OVR% was 100.47% immediately after surgery and 99.17% at final follow up (P = 0.891). In other studies, the time course of reconstruction rate of orbital wall fracture was not addressed because orbital volumes were measured only at two time points (before and after surgery). However, in the present study, orbital volumes were measured before surgery, immediately after surgery, and at final follow up with minimum 6 months(mean 15.2 ± 4.03 months), and thus, we were able to observe that after orbital wall reconstruction orbital volumes were maintained with time when followed up for 15.2 ± 4.03 months. Similarly, no significance intergroup difference was observed between volumes measured immediately after surgery and final follow-up among patients with different fracture locations or patients with different orbital implants. Patients that underwent surgery within 14 days of trauma had a better mean reconstruction rate at final follow up (P = 0.039), which supports the advantage of early surgery. 1, [10] [11] [12] Summarizing, the effect of orbital wall reconstruction was analyzed quantitatively by measuring orbital volumes using orbital CT then using a new formula 'Orbital wall reconstruction rate'. For all patients, significant reduction of orbital volume was observed at immediately after orbital wall reconstruction surgery and at final follow up. Using these measurements, factors affecting orbital wall reconstruction were identified. Patients that underwent surgery within 14 days of trauma achieved better reconstruction rates at final follow up, which supports the need for early surgery. There were no significant differences according to orbital implant types or fracture locations. We suggest surgeons bear these findings in mind when planning orbital wall reconstruction. Finally, we found that orbital volume measurements obtained using the described CT-based technique useful for analyzing the effects of orbital wall reconstruction.
Summary
What was known before K The effect of orbital wall reconstruction is frequently estimated based on enophthalmos improvement. Increased orbital volume is considered the main cause of enophthalmos associated with orbital blowout fracture.
What this study adds K Orbital volume measurements obtained using the described computed tomography based technique is useful for analyzing the effects of orbital wall reconstruction.
